Introduction Results
Filamentous bacteriophages are a large family of singleg3p-D1 Is Essential for Infection stranded DNA viruses infecting gram-negative bacteria
To determine the roles of the three individual domains (Model and Russel, 1988) . One of its members (ctxφ) has of g3p during infection, we engineered deletion mutants recently been implicated in the pathogenesis of cholera of g3p and expressed them on the tip of phage particles (Waldor and Mekalanos, 1996) . or as soluble proteins. The g3p deletion mutants as part Infection by filamentous phages proceeds in two of intact phage lack either g3p-D1 (phage fd-D23), g3p-steps. Initially, phage adsorbs to its primary receptor, D2 (phage fd-D13), or both (phage fd-D3). Deletion muusually bacterial pilus structures protruding a long distants of g3p can hamper the termination of phage captance from the cellular surface. From there the phage sids and lead to the formation of polyphage particles transfers to its coreceptor, which mediates membrane containing multiple phage DNA units (Crissman and penetration of the phage particle. Smith, 1984) . Thus fd-D3 forms almost entirely polyThe infection process is best understood in the filaphage particles (Figure 2 ). However, phages fd-D13 and mentous phages infecting Escherichia coli, in particular fd-D23 form at least 50% unit length phage particles the Ff phages (M13, fd, f1). In Ff phages, infection is medi- (Figure 2 ) and allow a comparison with wild-type phage ated by the gene 3 protein (g3p), a minor coat protein fd-D123 in binding and infection studies. located at one end of the extended phage capsid (Model We compared infection rates of wild-type phage fdand Russel, 1988) . g3p is a three-domain protein (g3p-D1, D123 and the g3p deletion mutants fd-D13, fd-D23, and g3p-D2, g3p-D3), with each domain separated by glyfd-D3. In the case of F pilus bearing bacteria (F ϩ cells), cine-rich tetra-and pentapeptide repeats and followed fd-D123 is seven orders of magnitude more infective by a C-terminal membrane anchor (Figure 1 ). Deletion than fd-D13, fd-D23, and fd-D3 (Table 1) , demonstrating mapping has assigned tentative roles to the individual that both the g3p-D1 and g3p-D2 domains are essential domains, with domain g3p-D3 and the transmembrane for infection competence under normal conditions. High segment presumably responsible for anchorage of g3p concentrations of Ca 2ϩ increase filamentous phage inin the phage capsid (Stengele et al., 1990) . The two fectivity independent of F pili , pre-N-terminal domains appear more directly involved in the sumably either by disturbing outer membrane integrity infection process. g3p-D2 mediates adsorption of the (Nikaido and Vaara, 1987) or by precipitation of phage phage to its primary receptor, the tip of the conjugative particles onto the cell surface . When F pilus. However, adsorption alone is not sufficient for Ca 2ϩ was added to F ϩ cells, fd-D123 remained highly infection. Penetration of the viral DNA into the host cytoinfective, while fd-D23 and fd-D3 remained basically plasm depends on the integrity of both the g3p N-terminal domain (g3p-D1) and the products of the tol operon, noninfective. The infectivity of fd-D13, however, was investigation. The result, however, indicated that infeca shaded box. Their boundaries are based on a previous alignment tion by fd-D123 is impaired in the absence of pilus, while (Levengood et al., 1991) , except for residues 295-310, which are infection by fd-D13 is not.
added to the definition of the C-terminal domain TolA-III used here.
Wild-Type Phage Does Not Bind TolA or TolR In Vitro increased by three orders of magnitude. In F Ϫ cells, all In addition to functional g3p, infection of E. coli by filaphage variants were poorly infectious in the absence mentous phage requires the presence of an intact of Ca 2ϩ , demonstrating the importance of the pilus for TolQRA complex in the host cell (Sun and Webster, infection. In the presence of 50 mM Ca 2ϩ , the infection 1986). We dissected the TolQRA complex to study if the rate of fd-D123, fd-D23, and fd-D3 was little affected, interaction with phage fd is mediated by the complex but the infectivity of fd-D13 was again increased by as a whole or via one of its components. TolQ (Sun and three orders of magnitude (Table 1) . Webster, 1987) was omitted from this analysis, as it These results, especially those in the case of F Ϫ cells is an integral protein of the inner bacterial membrane in the presence of Ca 2ϩ , support a mechanism of phage (Kampfenkel and Braun, 1993) and is therefore too disinfection, for which the membrane penetration domain tant from the outer membrane, where the interaction is g3p-D1 is a prerequisite, while the pilus binding domain g3p-D2 serves mainly to bring the phage close to the bacterial membrane. Accordingly, homologs of g3p-D1 The affinity for TolA-III, TolR-II, and BSA of wild-type phage fd-D123 and variants thereof lacking either g3p-D2 (fd-D13), g3p-D1 (fd-D23), or both (fd-D3) was measured by detection of bound phage to ligand-coated plastic wells with a peroxidase-conjugated antiphage antiserum in ELISA.
likely to take place. Instead, we concentrated on the periplasmic portions of the TolA and TolR proteins. TolA consists of three domains ( Figure 1 ; Levengood and Webster, 1989) . Its N-terminal domain has a single transmembrane segment and is anchored in the inner membrane. It is followed by a long ␣-helical domain, which presumably spans the periplasm (Levengood et al., 1991) . The C-terminal domain (TolA-III), comprising the last 127 residues of TolA, is therefore likely to be located at or close to the inner face of the outer membrane. The C-terminal periplasmic domain of TolR (TolR-II), covering its last 102 residues (Sun and Webster, 1987; Kampfenkel and Braun, 1993) , also protrudes into the periplasmic space but is presumably closer to by wild-type phage fd-D123 (Figure 3 ) was detected in enzyme-linked immunoadsorbent assay (ELISA).
g3p-D1 Binds to TolA-III
that g3p-D1 has overlapping contact surfaces for However, when the g3p deletion mutants of phage fd TolA-III and g3p-D2. It also indicated that g3p-D1 has a were analyzed for binding to TolR or TolA in ELISA, much higher affinity for TolA-III than for isolated g3p-D2. phage fd-D13 reacted strongly with TolA-III, while fdWe then studied the isolated membrane penetration D23 and fd-D3, like wild-type phage fd-D123, did not domain of g3p (g3p-D1) for binding to TolA-III and TolR-II react ( Figure 3) . None of the constructs displayed any by heteronuclear NMR spectroscopy using 15 N-enriched specific binding to TolR-II or bovine serum albumin g3p-D1. The does not directly interact with the membrane penetrathe TolA ELISA results obtained with fd-D13 ( Figure 3 ). It is therefore TolA and not TolR or the whole TolQRA tion domain of g3p. In contrast, the presence of TolA-III had a strong effect on more than half of the backbone complex that is bound by phage after pilus adhesion. Thus the coreceptor for filamentous phage infection apamides of g3p-D1 ( Figure 5 ). This proves the formation of a complex between the two domains and confirms pears to be the most distal component of the TolQRA free g3p-D1. Surprisingly, the residues affected by g3p-D2 interactions were mostly identical with those affected by TolA-III binding ( Figure 5 ). This became most evident when the affected residues were mapped onto the surface of the structure of g3p-D1 ( Figure 5 ). The g3p-D1 structure entails a six-stranded ␤ barrel, which is capped by an N-terminal helix. The residues with backbone amide shifts altered upon TolA binding are concentrated at the site of the g3p-D1 ␤ barrel, which lies opposite its N-terminal helix ( Figure 5 ). Mapping the residues, whose backbone amide shifts were affected by g3p-D2 binding, on the g3p-D1 surface revealed a putative interface with g3p-D2, which overlapped almost entirely with that for TolA ( Figure 5 ).
TolA and g3p-D2 Binding by g3p-D1 Are Exclusive
Thus, both ELISA and NMR experiments indicate that TolA and g3p-D2 compete for the same or highly overlapping binding sites on g3p-D1. TolA has a significantly higher affinity for g3p-D1, but in vivo, g3p-D2 is covalently linked to g3p-D1.
To further investigate the competition between TolA-III and g3p-D2 for g3p-D1 binding, we incubated a mixture of 15 N-labeled g3p-D1 with a 3-fold excess of unlabeled g3p-D2 over unlabeled TolA-III and analyzed the resulting HSQC spectrum. The spectrum of this mixture cannot be distinguished from that recorded with the g3p-D1/TolA-III complex in the absence of unlabeled g3p-D2 (not shown). This result indicates the sole formation of a g3p-D1/TolA-III complex in this protein mixture. It further rules out the presence of significant amounts of g3p-D1/g3p-D2 or ternary TolA-III/g3p-D1/g3p-D2 complexes. The result also confirms the higher affinity of TolA for g3p-D1 and suggests that the interactions of g3p-D1 with TolA-III and g3p-D2 are mutually exclusive. in the F pilus-bound (infecting) phage particle are indicated. In the free and the infecting phage, only one of the probably five g3p copies present at the tip of the phage is shown in its entirety. the case of the F Ϫ cells in the presence of probably membrane-disrupting Ca 2ϩ . In the absence of pilus, g3p-D2 effectively blocks the TolA binding site on g3p-D1 complex, the C-terminal domain of its periplasm-spanning TolA component.
Wild-Type Phage Binds TolA Only When
and renders wild-type phage fd-D123 little infectious. Phage fd-D13, however, lacks g3p-D2 and therefore has an accessible TolA binding site. Consequently, it is more The g3p-D2 Interface and the TolA Binding Site of g3p-D1 Overlap infective in the case of F Ϫ cells than phage fd-D123. The high infectivity of wild-type phage fd-D123 in the In the intact g3p of phage fd, the N-terminal domain g3p-D1 is linked by a glycine-rich linker to the pilus case of the F ϩ cells suggests that the interaction of g3p with the pilus (mediated by g3p-D2) opens the TolA binding domain g3p-D2 (Figures 1 and 6 ). Having identified TolA-III as a ligand for g3p-D1, we investigated how binding site on g3p-D1. As a consequence of pilus binding via g3p-D2, the surface interactions between g3p-the TolA binding site relates to a possible intramolecular interface with g3p-D2. For this purpose, unlabeled, iso-D1 and g3p-D2 may be weakened or abolished through a conformational change in g3p-D2. Alternatively or adlated g3p-D2 was added to the 15 N-enriched g3p-D1 protein.
ditionally, pilus retraction following the initial adhesion event may result in a colocalization of TolA and g3p-D1 Presence of g3p-D2, like that of TolA, caused significant chemical shift changes in a large number of g3p-at the outer membrane. There, TolA (due to its higher intrinsic affinity for g3p-D1) may be able to effectively D1 backbone amide NMR signals when compared to compete with g3p-D2 for g3p-D1, as the entropic advanin a concerted action during infection. Alternatively, interaction with the pilus may cause a conformational tage of g3p-D2 is diminished. change in g3p-D2 and dislodge it from g3p-D1. This could then enable g3p-D1 to freely interact with TolA.
TolA Inhibits Phage Binding to the Pilus in Vitro
Although TolA is the secondary receptor concerning Attempts to show the formation of a ternary complex the succession of events during infection, we propose between fd-D123, F pilus, and TolA-III in vitro were hamit to be a more ancestral receptor. A mutant of phage pered by the observation that TolA-III inhibits binding fd lacking the TolA binding domain g3p-D1 (fd-D23) is of phage (both fd-D123 and fd-D23) to purified F pilus very poorly infectious for both F ϩ and F Ϫ E. coli cells, (Figure 4 ). This may be due to a direct interaction bewhile a mutant lacking the pilus binding domain g3p-tween TolA-III and pilus or to a weakening of pilus bind-D2 infects F Ϫ cells about 100-fold better than both the ing by fd-D123 and fd-D23 in the presence of TolA-III.
wild-type phage and fd-D23. This indicates that the inThe putative interaction between TolA-III and the pilus teraction of g3p with TolA is obligatory for infection, is considerably weaker than that between g3p-D2 and while the binding to the F pilus is merely required to pilus. About 3-4 orders of magnitude less g3p-D2 than enable an efficient capturing of TolA. Accordingly, strucTolA-III is required to observe similar inhibitions for bindtural homologs of the TolA binding domain g3p-D1 are ing of phages fd-D123 and fd-D23 to pilus immobilized found in the g3p equivalents of other phages, like the on ELISA plates (Figure 4) . A possible TolA binding site N pilus-specific filamentous phages IKE and I2-2 or the on the pilus could be located at the tip, explaining the V. cholerae phage ctxφ (Holliger and Riechmann, 1997). observed inhibition of phage binding to pilus. However, an interaction with the pilus shaft affecting g3p-D2 bind-
A Model for Infection by Filamentous Phage ing indirectly cannot be ruled out. An interaction of TolA
It is unknown how the interaction with TolA helps the and F pili may be physiologically relevant, as both are phage to complete infection. Both F pilus and the Tollocalized at adhesion zones of inner and outer mem-QRA complex appear to be associated with inner to brane (Bayer, 1975; Guihard et al., 1994) .
outer membrane adhesion zones (Bayer, 1975; Guihard et al., 1994) . Binding of the phage g3p protein to first the pilus and then TolA may therefore simply position Discussion and dock the phage particle over an entry port into the cytoplasm. Alternatively, the interaction between TolA Infection of E. coli by filamentous phage fd begins with adhesion of the phage protein g3p to its primary recepand g3p-D1 may locally disrupt the outer membrane structure to facilitate passage of viral material like DNA tor, the host cell F pilus ( Figure 6 ). After phage attachment, the F pilus rapidly retracts to the cell surface or phage coat proteins. Indeed, bacterial expression of g3p-D1 in the host cell periplasm causes excessive (Jacobson, 1972) . As a consequence of or during this process, g3p presumably crosses the outer membrane leakage of periplasmic proteins into the medium (Rampf et al., 1991) , possibly due to its interaction with TolA. by a yet unknown mechanism. Any further progress along the infection pathway is blocked by genetic leIt also is conceivable that the interaction of g3p-D1 with TolA triggers other so far unknown events, preparsions in either of the three proteins from the TolQRA complex in the E. coli periplasm (Sun and Webster, ing the host cell for the import of phage DNA. Such events may lead to the integration of the C-terminal 1986). In this study, we have identified the C-terminal domain (TolA-III) of TolA within this complex as the secregion of g3p into the inner E. coli membrane, where the protein is mainly found after completed infection ondary receptor for infection by phage fd. Further, we show that it is the N-terminal domain g3p-D1 of the (Boeke et al., 1982; Endemann and Model, 1995) . Indeed, purified g3p oligomers incorporate into artificial bilayers phage fd g3p protein, which mediates the interaction with TolA-III.
and form a voltage-gated channel with a proposed width of about 0.81 nm (Glaser-Wuttke et al., 1989) . Such a Closer inspection of this step of the infection process revealed that the TolA-III interaction with g3p-D1 is channel may already facilitate passage of the singlestranded phage DNA with a diameter of 0.85 nm (Glaserblocked in the phage, if no pilus is present. Blockage is caused by the pilus adhesion domain g3p-D2 of g3p, Wuttke et al., 1989 ). An even larger channel may be formed in conjunction with the inner membrane compowhich is linked to g3p-D1 by a long glycine-rich peptide linker. The g3p-D2 domain competes with TolA-III for a nents of the TolQRA complex ( Figure 6 ). The involvement of all three Tol proteins in channel formation would exstrongly overlapping binding surface on g3p-D1. The affinity of TolA-III for this binding site is intrinsically plain the resistance to phage infection of not only tolA but also tolQ and tolR mutants (Sun and Webster, 1986 , about 100-fold higher than that of g3p-D2. The TolA-III interaction with g3p-D1 can therefore only be ob-1987) . If the C-terminal part of g3p participates in channel structed by g3p-D2 as long as g3p-D2 has an entropic advantage through its covalent linkage with g3p-D1. We formation within the inner membrane and both g3p-D1 and g3p-D2 remain bound to their respective receptors speculate that colocalization of g3p and TolA at the outer membrane after pilus retraction may obliterate the at the outer membrane, g3p would need to span the whole periplasmic space (Figure 6 ). The 39 amino acids entropic advantage of g3p-D2 for g3p-D1 binding and enable TolA-III to effectively compete with g3p-D2. A long peptide linker (estimated length 120 Å assuming 3 Å per residue) between g3p-D2 and g3p-D3 should enable weak interaction between TolA and the F pilus ( Figure  4 ) may help to bring g3p and TolA into close proximity extended g3p to easily stretch the required 150 Å . Such an arrangement of domains within the periplasmic space Dependence on a coreceptor (TolA in the case of phage fd), binding of which is conditionally blocked prior is strongly reminiscent of a recently proposed mechato adhesion to the primary receptor, is more difficult to nism for pore formation in the inner bacterial membrane rationalize. Intriguingly, similar infection mechanisms, by colicin Ia, whose receptors Cir and TonB are located which also entail the successive engagement of two at the outer membrane (Wiener et al., 1997) . Indeed, the receptors preceding internalization, are utilized by sevanalogies of the two processes suggest that type B eral, entirely unrelated eukaryotic viruses. colicins may have parasitized the TonB transport system
The analogies to phage infection are particularly strikin a very similar manner as phages (and presumably ing in the case of human immunodeficiency virus-1 also type A colicins) have exploited the TolQRA complex (HIV-1). Its coat protein gp120 first binds to CD4, the to enter the host cell.
primary capture receptor, which triggers a conformational change in gp120 (Sattentau et al., 1993) , allowing Phage as Display Vectors interaction with the coreceptor. This secondary receptor The mechanism of filamentous phage infection has is formed by any one of the chemokine receptors CCR5, bearing on application of phage vectors in molecular CCR3, or CCR2b on macrophages and CXCR4 on T biology. Phage display of protein and peptide libraries cells (D'Souza and Harden, 1996) , all of which are seven for the selection and isolation of ligands and receptors transmembrane domain proteins (7tm). Binding to the has become a key technology. Refinement should profit coreceptor initiates membrane penetration through the from the detailed knowledge of the molecular events action of the HIV protein gp41 (Chan et al., 1997 ; Weisduring infection. Indeed, the position of both the TolA senhorn et al., 1997). Interestingly, a strain of the closely binding site and the intramolecular interface with g3p-related lentivirus HIV-2 (HIV-2/vcp) does not depend on D2 in a region of the g3p-D1 surface, which lies opposite the CD4 interaction and is able to infect CD4-negative to the N terminus, explains why N-terminal g3p fusions cells via the chemokine receptor CXCR4 alone (Endres of peptides and proteins affect phage infectivity only et al., 1996). Thus, HIV-2/vcp shows analogous behavior marginally (Scott and Smith, 1988) .
to the fd phage deletion mutant fd-D13, which infects Our results provide evidence that the individual do-E. coli cells indiscriminately of the presence of the pilus mains of g3p do not act as independent entities despite ( Table 1) . their separation by flexible peptide linkers. This may A range of other eukaryotic viruses including adenoviexplain the reduction in phage infectivity in selection rus-2 (Ad-2) and herpes simplex virus-1 (HSV-1) also strategies, where g3p is interrupted by a noncovalently interact sequentially with two receptors during their ininteracting pair of protein or peptide ligands. Cognate fection pathway. Ad-2 binds initially to the coxsackieinteraction of such pairs restores g3p function, albeit virus-adenovirus receptor CAR via its fiber protein (Beronly at a drastically reduced level (Duenas and Borregelson et al., 1997), followed by endocytosis mediated through binding of the Ad-2 penton base to ␣ v integrins baeck, 1994; Gramatikoff et al., 1994; Krebber et al., (Wickham et al., 1993) . In the case of HSV-1, interaction 1995). Thus an ordered structure for the protein complex with glycosaminoglycan chains of cell surface proteospanning the bacterial periplasm and the architectural glycans precedes membrane penetration mediated by interplay of the various regions of g3p may prove as binding to the herpesvirus entry mediator, a member of important for high infectivity as the structural integrity the tumor necrosis factor/nerve growth factor receptor of its individual domains.
family (Montgomery et al., 1996) . As discussed above for phage fd and the F pilus, the Viral Infection Mechanisms use of an easily accessible primary receptor as part of Viral infection of a host cell in general requires the virus a two-way docking system probably improves capturing to adhere to the cell surface, usually via a specific recepefficiency. Similar advantages may be conferred by the tor, followed by the penetration of the cellular membrane primary receptors of eukaryotic viruses. Thus CD4 also and the release of genetic material into the host cytoprotrudes some distance from the cell surface and may plasm. Bacteriophages infecting gram-negative bacteallow a better capture than the secondary HIV receptors ria have the additional difficulty to translocate their gealone. Ultimate dependence of infection on the secondnome across two membrane barriers. Phage fd appears ary receptor, which forms a more integral part of the to overcome this problem by parasitizing receptors that membrane, then avoids wastage on decoy receptors in are located at junctions of the outer and inner membrane case of both HIV-1 and fd phage. Decoys can be formed in the E. coli cell, which may simplify the membrane by both CD4 and F pilus, which are shed into the medium passage.
by the respective host cells. However, neither CD4 nor What is the significance of the peculiar nature of the F pilus by itself can trigger release of genetic material phage infection mechanism relying on the coordinated by the virus or phage. binding of two receptors? The use of the pilus as the The infection process outlined for phage fd ( Figure 6 ) primary receptor for infection seems advantageous, beis likely to be widely shared among filamentous bacteriocause it enables an efficient capture of the bacteriophages. Both the related phages IKE and I2-2 specific phage a long distance from the cell. This may be of for N pilus-bearing E. coli cells and the widely divergent particular importance under the fluctuating conditions V. cholerae phage ctxφ have structural homologs of in the gut, the natural environment of the phage. F pilus g3p-D1 (Holliger and Riechmann, 1997). All require also elaboration in addition is sensitive to suboptimal growth the adhesion to pilus structures as part of their infection conditions and energy poisoning. Pilus-dependent inprocess (Model and Russel, 1988; Waldor and Mekalanos, 1996) but differ in the type of pilus and thereby fection may therefore ensure a healthy host.
domains and the formation of polyunit phage, respectively. Formathe host cell recognized. Therefore, it appears plausible tion of single to polyunit phage particles was visualized by 0.7% to postulate that an ancestral filamentous phage had agarose gel electrophoresis of intact phage using native sample only a g3p-D1 homolog and employed a simple onebuffer (Crissman and Smith, 1984 (Sun and Webster, 1987) . TolAelements (Groisman and Ochman, 1996) including fila-III contains residues 295-421 of the TolA protein (Levengood and mentous phages like ctxφ in the case of cholera (Waldor Webster, 1989) . Both domains were expressed and purified from and Mekalanos, 1996) . Elucidation of the infection prothe E. coli periplasm using IMAC.
cess and the host tropism of filamentous bacterio-F pili were prepared from bacteria (E. coli strain K91; Smith, 1992) grown on rich agar (Armstrong et al., 1980) . Cells were scraped from phages may therefore provide clues to the spread of 0.006 m 2 agar and stirred for two hours in 1 liter of cold standard bacterial virulence genes as well as the epidemiology saline citrate (SSC) buffer. Cells were removed by centrifugation and pathology of associated diseases.
and washed with another litre of cold SSC buffer. Pili were precipitated from the combined supernatants with 10% polyethylene glycol 6000 and 0.5 M NaCl. The pellet was resuspended in 120 ml of Experimental Procedures water and respun to remove larger cell debris. The reprecipitated supernatant was resuspended in 1 ml of PBS. The preparation conPhage Constructs and Preparations tained active F pili according to the pilin band observed after SDSPhage fd-D123 is phage fd with a tetracycline-resistance gene PAGE and reaction with phage fd-D123 and fd-D23 but not fd-D13 (fd-tet; Zacher et al., 1980) . Other phage constructs were based on and fd-D3 in ELISA. the vector fd-DOG1 (Hoogenboom et al., 1991) , which corresponds to fd-tet with an in-frame polylinker containing an ApaLI site at the C-terminal end of the g3p leader peptide. A unique KpnI site was Phage Infection introduced within the glycine-rich linker connecting g3p-D2 and Phage infections were carried out at 37ЊC for 30 minutes in the g3p-D3 coding for two additional amino acids (GT) between residues presence or absence of 50 mM CaCl2 by mixing phage with exponen-242 and 243. ApaLI and KpnI restrictions were used to generate the tially growing bacteria. Infectivity was evaluated from the resulting constructs fd-D13 and fd-D23 after polymerase chain reaction (PCR) colonies after plating. The otherwise isogenic E. coli K12 strains amplification of the g3p-D1 and g3p-D2 DNA fragments with suitable TG1 and HB2156 were used as F ϩ and F Ϫ cells, respectively. primers. Phage fd-D13 contains a mutated g3p gene coding for amino acids 1 (E mutated to Q)-68 of g3p-D1 linked to the g3p leader peptide and followed by a Thr and residues 243-405 of g3p. ELISA For analysis of phage binding, TolA-III (at 2.5 M), TolR-II (at 30 Phage fd-D23 contains a Gln after the g3p leader, followed by residues 86-217 (spanning g3p-D2), followed by a Thr and residues M), bovine serum albumin (BSA, at 30 mg/ml), or pilus (20-fold dilution of pilus preparation in PBS) were coated at 6ЊC overnight 243-405 of g3p. Phage fd-D3 was constructed by cloning a pair of oligonucleotides between the ApaLI and KpnI sites of the modified onto plastic microtitre plates. Plates were blocked for one hour at room temperature with 2% Marvel in PBS. Phage (corresponding fd-DOG1 vector and its g3p leader is followed by the sequence QGTGSQVGT and residues 243-405 of g3p. All constructs were to 100 ng of phage DNA in 100 l of 2% Marvel in PBS) was bound at room temperature for 1 hour. Bound phage was detected with a verified by DNA sequencing.
Phage was prepared from cultures of the E. coli strain TG1 (Gibperoxidase-conjugated anti-M13 antiserum (Pharmacia), 5000-fold diluted in 2% Marvel in PBS. ELISAs were developed with soluble son, 1984) after infection and growth for 24 hours at 37ЊC in medium containing 15 g/ml tetracycline. DNA content was used to quantiBlue POD substrate (Boehringer) and stopped with 1 M H 2SO4. Inhibition experiments were performed by premixing phage and inhibitor tate phage as both infectivity and reaction with the anti-M13 antiserum were unreliable due to the deletion of g3p infection mediating before binding to the ELISA well.
